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E R R O R S I N R E F R A C T I O N . 
P R O F . C. E . F E R R E E AND G. R A N D , P H . D . , 
BRYN MAWR, PA. 
This paper reporting the use of apparatus described in the last number of the JOURNAL 
brings out some remarkable facts regarding the effect of uncorrected errors of refraction 
on visual acuity at low illumination and suggests a method of great delicacy for deter-
mining the amount and meridians of astigmatism. Presented before the meeting of the 
American Ophthalmological Society, June 1919. 
A s was s ta ted in the previous paper 
(see p . 335) the incentive to this work 
was a feeling in the N a v y of the need 
to establish a sys tem of testing', for the 
selection of men for those b ranches of 
i ts service requ i r ing especially keen 
scotopic acuity. T h e first s tep t owards 
the accompl i shment of this pu rpose 
was of course the devis ing of a sui table 
a p p a r a t u s and test method. A further 
need, however , was to find out w h a t 
r ange of difference in scotopic acui ty 
migh t be expected a m o n g eyes graded 
as fit on the basis of the tes ts of o ther 
functions and capacit ies. 
W e have been interes ted to make a 
pre l iminary survey of eves graded as 
normal wi th regard to photopic acui ty 
and o the r commonly tes ted functions 
in o rder to de te rmine whe the r such 
eyes may be expected to show signifi-
can t differences in keenness of func-
t ion ing a t low i l luminat ions . T h i s 
work can, of course, be considered only 
as pre l iminary . T h e final survey and 
es tab l i shment of n o r m s and s t anda rds , 
on which to base the selection, should 
come th ru the t e s t i ng of a la rge num-
ber of men in the service of the Navy , 
or in candidacy for this service. 
In a thoro test of ocular fitness for 
vocat ions requ i r ing keenness of dis-
cr iminat ion a t low i l luminat ions , t he 
following points should be taken into 
a c c o u n t : (1 ) the min imum a m o u n t of 
l ight required to d iscr iminate the tes t 
object before dark a d a p t a t i o n ; (2) the 
min imum a m o u n t after an appropr i -
ately selected period of dark adapta-
t i o n ; and (3 ) the rapidi ty as well as 
the a m o u n t of gain in acui ty d u r i n g the 
process of adap t ing . T h e s e points a re 
not only the obvious a priori possibilities 
with regard to individual differences, but 
they have been confirmed by us in a pre-
liminary survey of a number of normal 
subjects. 
It will be the purpose of this paper to 
give a brief statement of the results of 
this survey; also a brief exposition of a 
new method of using the acuity test in 
clinic work. Tha t is, in the process of 
making our acuity tests with a sensitive 
light control, we have found that the il-
luminat ion scale can be used wi th g rea t 
precision in detecting small errors in re-
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fraction, and in their correction. This 
follows rather obviously from the fact 
that acuity changes slowly with change 
of illumination, small differences in acu-
ity corresponding, comparatively speak-
ing, to large differences in illumination 
tor all but very low illuminations. 
When, therefore, the minimum il-
lumination is determined at which a 
test object subtending the standard 
7i!S" M» a n g l e c a n J u s t b e discriminated,. 
the illumination scale becomes in ef-
fect an amplified indicating scale, by 
means of which the relatively slight 
differences hi acuity, represented by 
the proper correction of an error in re-
traction and small deviations there-
trom, may be detected with compara-
tive ease and certainty. A useful ap-
P'jcation of this principle is found, as 
will be shown later in the paper, in the 
detection of low astigmatisms and of 
small errors in the amount and place-
ment of their correction. 
RANGE OF ILLUMINATION REQUIRED BY 
NORMAL EYES FOR DISCRIMINATION OF 
THE STANDARD TEST OBJECT. 
In making these determinations 
three test objects were used: the 
fnellen chart and two single test ob-
jects which could be rotated into dif-
ferent positions,—the letter E and the 
broken circle—each subtending a 5-
minute angle. The determinations 
W / r C i ? a d e a t t h e bcg' 'nning and end 
°t a 45-minute adaptation period. It 
is obvious from the preceding discus-
sion that the results at low illumina-
tion would be influenced by the re-
tracting conditions of the eye as well 
a s by its power of scotopic vision. 
In order to make the results repre-
sent as far as possible the difference 
between scotopic and photopic vision, 
each eye was refracted and the acuity 
was taken under 5 foot-candles (53.8 
meter-candles) of light. In the first 
series of tests 22 observers were used 
ranging from 18 to 28 years of age. 
Results were obtained for both eyes 
and for the two eyes separately. Of 
the eyes used, 75.7 per cent were able 
to read at 6 meters the test type de-
signed to be read at 4 meters; 13.5 per 
cent, at 6 meters the test type designed 
to be read at 5 meters; and 10.8 per 
cent, the test type designed to be read 
at 6 meters. It was our intention thru-
out the work to use only eyes that 
could be ranked as Grade A with re-
gard to photopic acuity. 
The results of these determinations 
show a greater range of individual dif-
ference for the broken circle than for 
the Snellen chart or the letter E (905 
per cent for the broken circle, 548 per 
cent for the letter E, and 357 per cent 
for the Snellen chart). This superior 
showing for the broken circle is per-
haps in accord with the general finding, 
that the broken circle as a test object 
picks up smaller differences in acuity 
than either of the other two test ob-
jects employed. These differences, too, 
it will be remembered, are amplified in 
the present case by the fact that they 
are read on the illumination scale and 
not on a scale which sustains a 1 to 1 
relation with acuity.- Inasmuch as the 
greater sensitivity was shown in these 
preliminary experiments by the broken 
circle as test object, 15 additional ob-
servers were employed using this test 
object alone. 
Space will be taken here only for a 
brief general statement of the results 
for this latter series of determinations. 
(1) The individual differences in the 
minimum illumination required for the 
discrimination of the test object, be-
fore the period of dark adaptation, fell 
between 0.70 and 5.29 meter-candles, a 
range of 656 per cent; after the 45-min-
ute period of dark adaptation, between 
0.32 and 2.2 meter-candles, a range of 
588 per cent. A greater range of in-
dividual difference, it will be noted, 
was found for the tests taken before 
the period of dark adaptation, than for 
those taken after the 45-minute adapta-
tion period. This was doubtless in 
part due to the lack of careful stand-
ardization of the initial sensitivity, by 
a period of preadaptation to light of a 
fixed intensity; and in part to individ-
ual differences in the amount and rate 
of adaptation. A careful initial stand-
ardization of sensitivity was purposely 
avoided in this preliminary work with 
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the apparatus, in order more closely 
to approximate the rough conditions 
of testing which are apt to prevail in 
the selection of men with reference to 
vocational fitness. 
(2) Thus far without exception the 
two eyes of the same observer have re-
quired a different amount of light just 
to discriminate the test object. The 
minimum difference in this regard for 
the 15 observers employed, after the 
45-minutc adaptation period, was 0.12 
meter-candle, 19 per cent of the amount 
required for the better eye; the maxi-
mum difference was 1.50 meter-candles, 
53.6 per cent of the amount required 
for the better eye. 
(3) A question is often raised with 
reference to points of advantage of 
binocular as compared with monocular 
seeing. In 6 per cent of the cases test-
ed, the binocular result was equal to or 
approximated the result for the poorer 
eye; in 88 per cent of the cases, it was 
better than the results of either eye; 
and in the remaining 6 per cent of the 
cases it was intermediate to the results 
obtained with the two eyes separately. 
In none of the cases tested was it 
equal or approximately equal to the re-
sult for the better eye. In the 88 per 
cent of cases referred to, less light was 
required for the discrimination of the 
test object by the two eyes than by the 
better eye alone by amounts ranging from 
14.5 to 67.3 per cent. 
In order to get a rough idea of the 
grouping of the 15 observers with ref-
erence to the minimum amount of light 
required to meet the standard of acuity 
imposed by the test, before and after 
the period of dark adaptation, they 
have in each case been divided into six 
equally spaced groups; each group for 
the work before adaptation covering a 
range of 1 meter-candle, and for the 
work after adaptation a range of 0.4 
metcr-candlc. For the tests before 
adaptation, 13.3 per cent fall in the first 
or best group, 26.7 per cent in the sec-
ond group, 20 per cent in the third 
group, 20 per cent in the fourth group, 
13.3 per cent in the fifth group, and 
6.7 per cent in the sixth group. For the 
tests after adaptation 6.7 per cent fall 
in the first group, 20 per cent in the 
second group, 40 per cent in the third 
group, 13.3 per cent in the fourth 
group, none in the fifth group, and 20 
per cent in the sixth group. A graphic 
representation of this grouping is 
shown in Fig. 1. 
TABLE I. 
Showing the amount of light required just lo discriminate the test object at the be-
ginning of dark adaptation, and at the end of 15, 30, and 45 minutes (15 observers). In 
these experiments there was no standardization of the initial sensitivity by a previous 
adaptation to an illumination of constant intensity. 
Observer 
a 
M 
Mc 
R 
L 
S 
Th 
Y 
St 
Sw 
K 
T 
Sm 
W 
Ba 
Photopic 
Acuity 
6/4 
6/4 
6/4 
6/4 
6/4 
6/4 
6/4 
6/4 
6/6 
674 
6/4 
6/4 
6/4 
6/6 
6/4 
Illumination in meter-candles re-
quired just to discriminate 
the test object 
Begin- At end At end At end 
ning of 15 of 30 of 45 
Jiiin. !]]•"• m ' n -
" 0.32™ 
0.82 
1.00 
0.60 
0.88 
0.88 
0.94 
1.42 
0.60 
2.20 
2.10 
0.88 
1.30 
0.76 
2.11 
0.70 
1.00 
1.24 
1.36 
1.55 
1.75 
2.11 
2.11 
2.40 
3.43 
3.90 
3.97 
4.10 
4.20 
5.29 
O.SS 
1.00 
1.00 
0.60 
1.00 
1.42 
0.82 
1.55 
0.60 
2.17 
2.81 
1.18 
3.80 
1.40 
2.11 
0.35 
0.82 
1.00 
0.50 
0.88 
0.88 
0.94 
1.49 
0.60 
2.20 
2.40 
0.82 
1.40 
0.76 
2.02 
Difference in ill imination 
required at beginning and 
at end ot 
Meter-candles 
0.38 
0.18 
0.24 
0.76 
0.67 
0.87 
1.17 
0.69 
1.80 
1.23 
1.80 
3.09 
2.30 
3.44 
3.18 
45 nun. 
Per Cent 
118.8 
21.9 
24.0 
126.7 
76.1 
98.9 
124.5 
48.6 
300.0 
55.9 
85.7 
3S1.1 
215.4 
452.6 
150.7 
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INDIVIDUAL VARIATIONS I N T H E A M O U N T 
AND RATE OF ADAPTATION I N TERMS 
OF EFFECT ON ACUITY. 
The preceding experiments furnish 
data with regard to the minimum 
amounts of light required to just dis-
criminate the different test objects at 
the beginning and end of the 45-minute 
adaptation period. In case of the IS 
observers tested with the broken cir-
cle in the final series of experiments, at 
the beginning of dark adaptation and 
at the end of 15, 30 and 45 minutes, the 
minimum difference in the amount of 
light was 0.18 meter candle or 22 
per cent of the amount required at the 
end of the adaptation period; the maxi-
mum was 3.44 meter-candles or 452.6 
affects acuity, which is the effect of 
greatest importance to the special 
work for which the apparatus was de-
vised, and the effect with which we are 
the most concerned for the greater part 
of our working lives. A comparison of 
these results with those of similar 
series, in which the object is to mea-
sure the increase in light sensitivity as 
a result of dark adaptation, shows that 
just as acuity increases slowly with in-
crease of illumination, so also does it 
increase slowly with increase of sen-
sitivity to light. That is, the eye does 
not gain by adaptation nearly so much 
in acuity as it gains in light sensitivity. 
In Fig. 2 the actual amounts of il-
lumination required just to discrimi-
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lion required just to discriminate the lest object. 
dark adaptation. 
per cent required at the end of the 
adaptation period. These results are 
shown in Table I. 
In addition to these experiments a 
special adaptation series was run, in 
which the minimum illumination re-
quired just to discriminate the test ob-
ject was determined at the beginning 
of the adaptation period, and at the end 
of 5, 10, 15, 25, 35 and 45 minutes. In 
order to standardize the initial sen-
sitivity of the eyes of the observer, a 
l>readaptation period of 20 minutes 
was given to 80 foot-candles of light 
(vertical component), the skylight il-
lumination of an optics room on a 
medium bright day. 
A few of the results obtained are 
represented in Table II and in Figs. 2 
and 3. These results, it will be remem-
bered, represent adaptation only as it 
Meter- c a n d i e s 
ervcrs graded will] reference to the minimum illumina-
A, before adaptation; It, after a 45-ininute period of 
natc the test object are plotted against 
time of adaptation. It thus affords a 
comparison of the position of the min-
ima of the different observers in the 
illumination scale; and comprehends 
data from which the following points 
can be determined: (a) their relative 
ranking with regard to scotopic acuity 
before and after adaptation, (b) their 
light sensitivity before and after adap-
tation insofar as it affects the mini-
mum amounts of light required just to 
discriminate the test object, and (c) 
their relative amounts of change in 
sensitivity, measured in terms of effect 
on acuity, due to adaptation. All of 
these features are important for voca-
tional and clinical classification. 
In order to make these results more 
directly comparable with reference to 
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TABLE II . 
Showing the amount of light required just to discriminate the test object at the be-
ginning of dark adaptation and at the end of 5, 10, 15, 25, 35 and 45 minutes (6 observers). 
In these experiments the initial sensitivity was standardized by 20 minutes preadaptation to 
80 foot-candles of light (vertical component), the illumination of a skylight optics room 
on a medium bright day. 
Observer 
I 
II 
I I I 
V 
V 
VI 
Photopic 
Acuity 
6/4 
6/4 
6/4 
6/4 
6/4 
6/4 
Illumination in Meter-Candles Required Just 
to Discriminate the Test Object 
At 
End 
Begin- of 5 
ning min. 
At 
End 
of 10 
min. 
At 
End 
of 15 
min. 
At 
End 
of 25 
min. 
At 
End 
of 35 
min. 
At 
End 
of 45 
min. 
0.55 
0.705 
1.06 
1.12 
1.62 
2.20 
0.505 
0.42 
0.76 
0.82 
1.12 
1.12 
0.42 
0.42 
0.35 
0.32 
0.60 0.46 
0.52 0.32 
0.94 
1.14 
0.55 
1.18 
0.32 
0.32 
0.35 
0.32 
0.60 
1.36 
0.35 
0.32 
0.46 
0.38 
0.60 
1.24 
0.35 
0.38 
0.46 
0.38 
0.55 
1.24 
Difference in Illumination 
Required at Beginning 
and at End of 45 min. 
Meter-Candles Per Cent 
0.20 
0.325 
0.60 
0.74 
1.07 
0.96 
27.1 
85.5 
130.4 
194.7 
194.5 
77.4 
Fig. 2—Curves showing the decrease in the amount of light required jttst to discriminate the <est object as 
the result of dark adaptation. In order to standardize the initial sensitivity, the eye was preadapted in 
each case for 20 minutes to 80-foot candles of illumination, vertical component. 
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the last of these points, namely, the 
relative amounts of change in sensitiv-
ity due to adaptation, the ratios or per-
centages of increase in sensitivity are 
plotted in Fig. 3, the reciprocals 
of the minimum amounts of light re-
quired just to discriminate the test ob-
ject being taken as the measure of sen-
sitivity. That is, the ratio or percent-
age change in the value of these recip-
rocals is plotted against time of adapta-
tion, the curves beginning at a common 
point or unit ratio. The relative rating 
with regard to the second point could 
of course be represented by plotting 
the reciprocals themselves. Space will-
not be taken here for this repre-
sentation. 
It will be noted that the greater part 
of these observers reach their maxi-
mum acuity at the end of 15 minutes 
adaptation and that some even show 
a lower acuity if the series is contin-
ued beyond this time. The loss in 
their case is doubtless due to fatigue of 
the muscles of adjustment. That is 
in case of the observers more suscep-
tible to muscle fatigue, the loss of acu-
ity due to fatigue more than compen-
sates for the small gain in light sen-
Fig. 3—Curves showing the increase in sensitivity as the result of dark adaptation, the reciprocal of the 
amount of light r.quired just to discriminate the test ohject being taken ns the measure of sensitivity. 
Percentage increase in sensitivity is plotted against the time of adaptation. The initial sensitivity of 
the eye was standardixed in each case hy 20 minutes of prcadaptation to 80-foot candles of light, ver-
tical component. 
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sitivity after the first 15-25 minutes. In 
this connection it may be noted that 
the strain imposed by taking the acuity 
at the minimum illumination is much 
greater than at the illuminations ordi-
narily used. Even with a 5-10 minute 
rest period between determinations and 
a 2 second interval between the indi-
vidual observations making up one de-
termination, a very noticeable fatigue 
was present at the end of the 45 minute 
series. 
Sensitivity of the apparatus for detect-
ing small errors in refraction and in their 
correction.—There are doubtless many 
ways in which sensitivity can be added 
to the acuity test for the detection of 
small errors in refraction and in their 
correction. In connection with the prob-
lems which we have undertaken during 
the past eight years involving modifica-
tions and refinements in functional 
testing, three principles have come to 
light which can be used very effectively 
to this end. That is, the eye which 
suffers from an insufficient resolving 
power shows the following functional 
defects: (1) an undue lag or slowness 
in making the adjustments needed for 
clear seeing, (2) a marked loss in 
power to sustain the adjustments 
needed for clear seeing, and (3) an 
increase in the amount of light required 
just to discriminate details in the stan-
dard acuity object. 
The devising of test methods based 
on the'first two of these principles has 
been treated in former papers. The 
third alone will be considered here. 
For the purpose of demonstrating its 
sensitivity as a test principle, low 
astigmatisms and small errors in the 
amount and placement of astigmatic 
corrections have been chosen. Three 
cases will be considered. (1) Low 
astigmatisms produced by the use of 
weak cylinders. In this case the mini-
mum amount of light required to dis-
criminate the test object in the most 
and least favorable meridians has been 
determined and at 5, 10 and 45 degrees 
from the most favorable meridian. (2) 
Small errors in the amount of the cor-
rection. And (3) small errors in the 
placement of the correction. In these 
latter cases, also, in order to know just 
what the amount and placement of the 
correction should be, the astigmatism 
was produced by means of a cylinder of 
known strength and position, and the 
amount of illumination required just to 
discriminate the test object with the 
true and the false correction was 
determined. 
In choosing to use an artificial astig-
matism in this work, it should by no 
means be understood that we believe 
that results, with regard to the differ-
ence between the minimum amounts of 
light required for the true and false 
correction, would be obtained quanti-
tatively identical with those which 
would be gotten with a natural astig-
matism. We are too strongly im-
pressed with the possibility that the 
astigmatic eye may progressively ac-
quire power to compensate in part for 
its detect to be of this opinion. The 
artificial astigmatism was used solely 
that we might have an exact knowledge 
of the amount and location of the de-
fect as a check on the determination 
made by the test. To have knowledge 
of a natural astigmatism adequate for 
this purpose would presuppose the 
supplementary use of a test of equal or 
greater precision than the one here pro-
posed. We have not as yet been able 
to develop this precision with the tests 
already in use. 
Sensitivity of apparatus for locating 
meridian of astigmatism.—It is obvi-
ous that if the eye has equal resolving 
power in all meridians the amount of 
light required to just discriminate the 
test object will be the same in all 
meridians; if the resolving power is 
not equal, the amount of light required 
will be different in the different me-
ridians. In Table III it will be noted 
that in case of an astigmatism pro-
duced by a 0.25 diopter cylinder an 
average result for 5 eyes shows that 
107.2 per cent more light was required 
for the discrimination of the test ob-
ject in the worst than in the best me-
ridian ; at 5 degrees from the best 
meridian, 50.0 per cent more light was 
required; at 10 degrees, 95.5 per cent; 
and at 45 degrees, 107.2 per cent. 
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TABLE III. 
Sensitivity of Apparatus for Locating Meridian of Astigmatism. 
by 0.25 and 0.75 Diopter Cylinders. 
Astigmatisms produced 
Ob-
s e r v e r 
I 
£ 
V a l u e of 
cy l i nde r 
p roduc ing 
as t igmat ism 
0.25 
0.25 
0.25 
0.25 
0.25 
0.75 
0.75 
0.75 
0.75 
M i n i m u m i l lumina t ion r t 
c r imina t ion of tct> 
( m e t e r candl 
B C m « 
- "3 c3! h c *- 5 ^ 
;s £e i E 
to u *** *J „ +* 
m a UM SS 
0.60 0.88 1.49 
1.12 1.75 2.405 
0.46 0.60 0.76 
1.42 2.115 2.49 
1.12 1.88 1.95 
1.30 2.69 3.05 
1.81 4.11 4.39 
0.60 1.75 1.95 
3.05 6.895 6.985 
■luircd for dis-
t object 
es) 
i 
-a-
2.69 
0.76 
2.49 
2.17 
A 
3.05 
4.39 
2.32 
7.60 
A 
J 
2.69 
0.76 
2.49 
2.17 
v c a f t e 
3.05 
4.39 
2.32 
7.60 
ve ragc 
Difference in resu l t be tween 
m e r i d i a n s 
M e t e r 
5° 10° 
0.28 
0.63 
0.14 
0.695 
0.76 
0.501 
1.39 
2.30 
1.15 
3.845 
TT7l 
0.89 
1.285 
0.30 
1.07 
0.83 
0.875 
1.75 
2.58 
1.35 
3.845 
2.38 
caudles 
,„ W o r s t 
^ mer id ian 
1.02 1.02 
1.57 1.57 
0.30 0.30 
1.07 1.07 
1.05 1.05 
1.002 1.002 
1.75 1.75 
2.58 2.58 
1.72 1.72 
4.55 4.55 
2.65 2.65 
5° 
46.7 
56.3 
30.4 
48.9 
69.9 
50.4 
106.9 
127.8 
191.7 
126.1 
138.1 
best i n d otl c r 
l*erccnt 
i n - « . W m s ! t u **3 m e r i d i a n 
148.3 
114.7 
65.2 
75.4 
74.1 
95.5 
134.6 
142.5 
225.0 
126.1 
157.1 
170.0 
131.5 
65.2 
75.4 
93.8 
107.2 
134.fi 
142.5 
286.7 
149.2 
178.3 
17O.0 
131.5 
65.2 
75.4 
93.8 
107.2 
.134.6 
142.5 
286.7 
149.2 
178.3 
In case of an astigmatism produced 
by a 0.75 diopter cylinder, 178.3 per 
cent more light was required in the 
worst than in the best meridian; at 5 
degrees from the best meridian, 138.1 
per cent; at 10 degrees, 157.1 per cent; 
and at 45 degrees, 178.3 per cent. 
Doubtless the apparatus can be used 
in different ways depending upon the 
experience and preference of the op-
erator. F o r example, the minimum 
amount of light required to discrim-
inate the test object could be deter-
mined for one meridian and the setting 
of the light control be held constant 
while the test object is rotated into 
different meridians, the observer being 
TABL 
Sensitivity of Apparatus for Detecting Small 
of an Asti 
required to judge in each case whether 
more or less light would be required 
for its discrimination. This would 
serve as a rough indication whether or 
not the eye is astigmatic. The exact 
meridian of the defect could then be 
worked down thru a series of settings 
of the test card and light control. A 
more feasible method, at least in the 
more apparent cases, doubtless would 
be first to determine the region of the 
defect by means of other tests and use 
the present apparatus only for the more 
precise location of the meridian. A 
feasible method is also to use an astig-
matic chart of the radial line or sun-
burst type, the lines of which are no 
K IV. 
Errors in the Placement of the Correction 
gmatism. 
Observer 
A 
B 
C 
D 
E 
A 
B 
c D 
Value of 
cylinder 
produc-
i n g a s t i g -
matism 
"'"6.25" 
0.25 
0.25 
0.25 
0.25 
0.75 
0.75 
0.75 
0.75 
Minimum Illumination Required 
for Discrimination of Test Object 
Exact place 
ment of 
correction 
0.60 
1.12 
0.46 
1.42 
1.12 
1.30 
1.81 
0.60 
3.05 
-
5° dis-
placement 
1.33 
2.25 
0.60 
1.55 
1.91 
2.49 
3.43 
1.42 
6.44 
10" dis-
placement 
1.62 
2.69 
0.65 
1.88 
2.17 
Average 
3.05 
4.39 
2.12 
6.44 
Average 
Difference in Result for Correct 
and Incorrect Placements 
Scale 
Divisions 
5° 10° 
13 17" 
17.5 22 
3 4 
2 7 
12.5 20 
Meter 
Candles 
5° 10° 
073""' 1.02 
1.13 1.57 
0.14 0.19 
0.13 0.46 
0.79 1.05 
Per Cent 
5° 10" 
121.7 170.0 
100.9 140.2 
30.4 41.3 
9.2 32.4 
70.5 93.8 
9.6 14 0.58 0.86 66.5 95.5 
17 22 1.19 1.7S| 91.5 134.6 
17 22 
14 24 
20 20 
17 22.0 
1.62 2.58 
0.82 1.52 
89.5 142.5 
136.7 253.3 
3.39 3.39 111.1 111,1 
175 2.311107.2 160.4 
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more than 5 degrees apart. In this 
case the procedure would be to reduce 
the illumination until only one or per-
haps two of the lines stand out clearly. 
This would give a precision, roughly 
speaking, of about 5 degrees. A more 
precise result could probably be ob-
tained by featuring three or more of 
these lines on a rotating dial and turn-
ing the dial into the position which 
gave the sharpest difference between 
the single line and its neighboring 
lines. 
Sensitivity of the apparatus for de-
tecting small errors in the placement of 
the correction of astigmatism. In Table 
IV it will be noted that in case of an 
astigmatism produced by a 0.25 diop-
ter cylinder, a displacement of the cor-
rection 5 degrees from the true posi-
tion required as an average result for 
the 5 eyes 66.5 per cent more light than 
the true placement; and a displacement 
of 10 degrees, 95.5 per cent more light 
than the true placement. 
In case of an astigmatism produced 
by a 0.75 diopter cylinder, a displace-
ment of 5 degrees required 107.2 per 
cent more light than the true place-
ment ; and a displacement of 10 de-
grees, 160.4 more light. The large 
number of scale divisions between the 
correct and incorrect placement of the 
cylinder will be noted also in this ta-
ble. In case of the 5 degree displace-
ment of the correction of the 0.25 diop-
ter astigmatism, this difference aver-
aged 9.5 for the 5 eyes. That is, since 
the apparatus can be readily set to half 
divisions, 19 settings of the light con-
trol could have been made with pre-
cision between the values needed for 
the true correction and the 5 degree 
displacement. This shows that the 
sensitivity of the apparatus far exceeds 
the present possibilities of the pre-
cise manipulation of the correcting 
cylinders. 
Sensitivity of the apparatus for de-
tecting errors in the amount of correc-
tion of an astigmatism. It is obvious 
that if the astigmatism is fully cor-
rected the same amount of light will be 
required for the discrimination of the 
test object in all meridians; if not, an 
unequal amount will be required in the 
different meridians. 
An average result for the 5 eyes 
shows (Table V) that in case of an 
error of 0.12 diopter in the correction, 
Difference in Minimum Illumination Re 
quired to Discriminate Test Object in 
Most and Least Favorable Meridians 
0.12 diopter 0.25 diopter 
Meter Per Meter Per 
Candles CentCandles Cent 
6.28 46.7 1.02 170.0" 
1.05 93.8 1.57 140.2 
0.19 41.3 0.30 65.2 
0.33 23.3 1.07 75.4 
0.76 67.9 1.05 93.8 
0.52 54.6 1.00 108.9 
0.75 diopter 
Meter Per 
Candles Cent 
1.75 \34.6 
2.58 142.5 
1.72 286.7 
4.55 149.2 
2.65 178.25 
54.6 per cent more light was required 
in the worst than in the best meridian; 
in case of a 0.25 diopter error, 108.9 per 
cent more light was required in the 
worst meridian; and in case of a 0.75 
diopter error, 178.25 per cent more 
light was required. 
In addition to the points already 
noted, the above results in connection 
with those of the preceding cxperi-
TABLE V. 
Sensitivity of Apparatus for Detecting Errors in the Amount of Correction of an Astig-
matism. 
Obser-
ver 
A 
B 
C 
D 
E 
Mininium Illumination Required for Dis-
crimination of Test Object With 
Different Errors in Amount of 
Correction 
0.12 Diopter 
Best Worst 
me- me-
ridian ridian 
0.60 0.88 
1.12 2.17 
0.46 0.65 
1.42 1.75 
1.12 1.8« 
0.25 diopter 
Best 
merid-
ian 
0.60 
1.12 
0.46 
1.42 
1.12 
Worst 
merid-
ian 
1.62 
2.69 
0.76 
2.49 
2.17 
0.75 
Best 
merid-
ian 
1.30 
1.81 
0.60 
3.05 
diopter 
Worst 
merid-
ian 
3.05 
4.39 
2.32 
7.60 
Average 
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ments emphasize the especial need of 
good resolving power for all work at 
low illuminations. A small error in 
refraction or in the amount and place-
ment of its correction is a much more 
serious handicap at low than at full 
illumination. A correction, for exam-
ple, which is adequate for all practical 
purposes at full illumination would in 
many cases raise the lower limit of 
clear vision to such a degree as seri-
ously to disqualify the subject for work 
at low illuminations. It seems fair 
to infer too from these results that the 
individual differences in the amount of 
light required as a comfortable work-
ing minimum, frequently encountered 
by the illumination specialist, are due 
to differences in resolving power as 
well as to differences m retinal ca-
pacity. 
A STEREOMICROMETER. 
CAPTAIN HARVEY J. HOWARD, M.C., 
PEKIN, CHINA. 
This is an instrument of precision for measuring stereopsis, or the power of judging 
differences in distance or depth at the ordinary reading distance. It was worked out at 
the Medical Research Laboratory, Mineola, N. Y. Authority to publish granted by the 
Surgeon General's Office. Presented at the American Ophthalmological Society, June, 1919. 
Stereoscopic pictures of figures, 
viewed thru a stereoscope, produce an 
illusion of solidity or depth, which sim-
ulates one of our most common visual 
experiences, viz., true depth percep-
tion. The effect produced is merely an 
illusion, because in reality the two pic-
tures arc in the same reference plane, 
J- c., there is no difference in distance. 
The phenomena of depth and depth 
difference are produced by employing 
the principle of the binocular parallax. 
Objects are made to appear relatively 
nearer or farther away from the ob-
server simply by varying the lateral 
separation between identical objects or 
points in the two pictures. 
While working upon the subject of 
judgment of distance with an appa-
ratus employed at a distance of six 
meters (See A. J. O., v. 2, p. 656), one 
°f my co-workers, Captain Percy W. 
Cobb, suggested that I adopt the same 
form of test objects in a hand stereo-
scopic instrument of precision, for the 
purpose of producing any degree of 
depth illusion desired. In the six 
meter apparatus two black rods with a 
light surface background were viewed 
thru the window of a box, the purpose 
being to learn the smallest depth dif-
ference discernible by different indi-
viduals. The binocular parallax was 
found to be the essential factor in the 
resultant determinations. The re-
spective depth judgment ability of in-
dividuals was reckoned according to 
their minimal binocular parallactic 
angles, which were computed from in-
terpupillary distances and depth dif-
ference thresholds. 
In the hand stereoscopic instrument 
suggested there would be two pairs of 
vertical lines or objects to be fused. To 
produce a sense of depth, the only 
other essential would be to effect a 
different lateral separation between the 
pairs of fused objects, i. e., the binocu-
lar parallax would be applied directly 
and not indirectly as is the case with 
the non fused objects of the six meter 
apparatus. 
In addition to Captain Cobb, I am 
indebted to Mr. Max Poser of the 
Bausch and Lomb Optical Company 
for valuable suggestions in formulat-
ing the final plans for the instrument* 
* Authority to make according to specifi-
cations granted February, 1919 to the Bausch 
and Lomb Optical Company by the Supply 
Department, Hazelhurst Field, Mineola, 
Long Island, N. Y. 
